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Abstract 23
The regulation of apoptosis during infection is an important factor for host survival and, in some 24 cases, also for the virus life cycle. At the same time mechanisms to prevent apoptosis induction 25 have been observed for numerous viral pathogens, but until now the role of apoptosis during 26 arenavirus infection has not been investigated. Junin virus (JUNV) belongs to the New World 27 arenavirus serogroup of the Arenaviridae and is the causative agent of Argentine hemorrhagic 28
fever. We could demonstrate that infection with JUNV in cell culture does not induce apoptosis 29 but leads to cleavage of the nucleoprotein (NP) into discrete products resembling caspase 30 cleavage events. Similar specific NP degradation patterns were also observed in NP-transfected 31 cell lines and closer examination of the sequence of NP showed several putative caspase 32 cleavage motifs. Point mutations that abolished these cleavage motifs were consistent with the 33 loss of certain cleavage products. Consistent with these data, further studies showed that 34 treatment with a caspase inhibitor also reduced NP cleavage, indicating that the observed 35
Introduction 41
The Arenaviridae is a diverse and growing family of viruses including more than 24 recognised 42 species (8, 27), which can be divided into the Old World and New World arenaviruses, reflecting 43 both their antigenic relationships and geographic division. Several members of the New World 44 arenaviruses, including Junín (JUNV), Chapare (CHPV), Guanarito (GTOV), Machupo (MACV) 45 and Sabiá (SABV) viruses, cause distinct hemorrhagic fever diseases that are collectively 46 referred to as South American Hemorrhagic Fevers. Of these viruses JUNV, the agent of the 47 was provided by Friedemann Weber (Philipps Universität Marburg). All work with infectious 109 virus was carried out in the BSL-4 laboratory at the Philipps Universität Marburg. 110 HEK293 (human embryonic kidney), Huh7 (human hepatoma) and VeroE6 (African green 111 monkey kidney) cells were maintained in Dulbecco's modified Eagle medium (DMEM, 112 Invitrogen) supplemented with 10% fetal bovine serum (FBS, PAN Biotech), 2 mM L-glutamine 113 (Life Technologies), 100 U/mL penicillin and 100 µg/mL streptomycin (Life Technologies). The 114 cells were grown at 37ºC in a 5% CO 2 atmosphere. 115
116

Plasmid construction 117
Construction of the untagged and flag-tagged pCAGGS-JUNV NP and TCRV NP plasmids has 118 been described previously (20) . Variants of JUNV NP containing mutations in one or more 119 putative caspase cleavage sites were generated using the QuikChange Multi Site-Directed 120
Mutagenesis Kit (Stratagene) according to the instructions of the supplier. All caspase cleavage 121 NP mutants contained a flag-tag at the C-terminus. All constructs were validated by sequencing. 122
123
Transfection of protein-encoding plasmids 124
For expression of JUNV and TCRV NP proteins, transfection into HEK293, Huh7 or VeroE6 125 cells (60% confluent) was carried out using TransIT-LT1 (Mirus) according to the 126 manufacturer's instructions using 3 μl TransIT per μg DNA. In all experiments 0.5 µg (12-well, 127
VeroE6 cell monolayers with a confluence of 50% were infected in 6-or 12-well plates (Greiner) 132
with JUNV (at an MOI of 1 or 3) or VSV (at an MOI 0.01) in 1 ml of serum-free DMEM at 133 37°C. After 1 h the inoculum was removed and the cells were placed in fresh DMEM containing 134 2% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. At the indicated 135 time points post-infection (p.i.) cells were collected for analysis of caspase 3 and PARP 136
cleavage. 137
138
Virus purification 139
VeroE6 cells (80% confluent) were infected with JUNV (MOI 0.01) in 10 mL of serum-free 140 DMEM in a 162 cm 2 flask (Greiner) for 1 h at 37°C. After infection, the inoculum was removed 141 and fresh DMEM containing 2% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 µg/mL 142 streptomycin was added. Seven days p.i. the supernatant was collected and clarified by 143 ultracentrifugation through a 20% (w/v) sucrose cushion for 2 h at 4°C and 76,000 x g in an 144
Optima L-80 XP Ultracentrifuge (Beckmann Coulter). 145
146
Treatment of VeroE6 cells for induction or inhibition of apoptosis 147
VeroE6 cells were seeded for 50 -60% confluence in 12-well culture plates (Greiner) and 148 transfected as described above. For apoptosis induction, camptothecin (CPT; Sigma-Aldrich) 149 diluted in DMSO was added 24 -48 h p.t. to the cells in various concentration (2.5 -10 µM). 150
The cells were further incubated for 24 h and harvested for Western blot analysis. were added to the cell extraction buffer prior to incubation. The lysates were clarified by 160 centrifugation at 20,000 x g at 4°C for 10 min and transferred into fresh tubes containing 4× SDS 161 sample buffer. 162
Proteins were separated on 8% to 15% SDS polyacrylamide gels by electrophoresis and 163 transferred to polyvinylidene difluoride (PVDF) membranes. For detection of the flag-tagged 164 constructs a monoclonal mouse anti-flag M2 antibody (Sigma) at a dilution of 1:1,000 and a 165 secondary Alexa680 coupled goat-anti-mouse antibody (Molecular Probes) diluted 1:5,000 or a 166 secondary goat anti-mouse antibody conjugated to horseradish peroxidase (Dako, 1:30,000 167 dilution) were used. JUNV NP and TCRV NP specific antibodies (guinea pig) at a dilution of 168 1:250 or 1:500, respectively, and a secondary Alexa800 coupled goat-anti-guinea pig antibody 169 (Molecular Probes, dilution of 1:5,000) or a secondary rabbit anti-guinea pig antibody 170 conjugated to horseradish peroxidase (Dako, 1:30,000 dilution) were used for NP detection. 171
Tubulin and Vinculin were detected using mouse monoclonal antibodies (Sigma-Aldrich, 172 1:5,000 dilution) and secondary Alexa680 coupled goat-anti-mouse antibody (Molecular Probes, 173 1:5,000 dilution) or a secondary goat anti-mouse antibody conjugated to horseradish peroxidase 174 
Statistical analysis 182
The presented data for each experiment represent the mean value and standard deviation of at 183 least three independent experiments. The statistical significance was determined using Student's 184 t test. Asterisks indicate statistically significant differences (*p<0.05, **p<0.01, ***p<0.001) in 185 comparison to mock or NP wildtype (wt) fractions. In some cases non-significant differences 186 (n.s.) are also indicated. In order to further demonstrate the specificity of JUNV NP cleavage, we wanted to determine 217 whether untagged JUNV NP also showed comparable cleavage products. Therefore, VeroE6 218 cells were transfected with an untagged-NP expression plasmid and the cell lysates were 219 analysed using a specific anti-JUNV NP antibody (Fig. 1A, left panel) . Here, a similar cleavage 220 pattern was also detected, again indicating that these products were indeed derived from JUNV 221 NP, rather than being non-specifically detected by the anti-flag antibody. Importantly, these data 222 on October 20, 2017 by guest http://jvi.asm.org/ Downloaded from also indicated that the presence of the flag-tag had no influence on NP degradation into the 223 distinct products. To investigate whether this cleavage pattern was a cell type specific 224 phenomenon, the expression of flag-tagged and untagged NP was further analysed in lysates of 225 HEK293 cells and Huh7 cells. These data clearly indicated that the same distinct cleavage 226 pattern of JUNV NP also occurs in these cell types (Fig. 1B) . In order to explain the apparent specific degradation of JUNV NP, its amino acid sequence was 251 analysed for conserved proteolytic cleavage motifs. Using the GraBCas program (3), at least four 252 potential caspase motifs were identified with high probability (prediction score >15 for 1 or more 253 caspases) (Table 1) . Importantly, the predicted sizes of the cleavage products for DSID (~62 254 kDa), LASD (~53 kDa), DVKD (~47 kDa) and QEHD (~40 kDa) closely fit the observed 255 cleavage pattern of JUNV NP, supporting the assumption that caspases might be responsible for 256 the observed degradation. The relative position of the putative caspase cleavage motifs, as well 257 as the predicted cleavage products are illustrated in Fig. 2A . The predicted caspase cleavage 258 motifs can be recognized by a variety of caspases including caspase 2, 3, 4, 5 and 9, with the 259 majority of the predicted sites being potential targets of caspase 2 (Table 1) and QEHD caspase cleavage sites the DSID and LASD motifs remain non-functional (Fig. 2B) . 282
Interestingly, none of the mutations affected the formation of the 53kDa cleavage product. 283
Quantification of the various cleavage products, relative to the corresponding levels of NP (wt), 284 indicated that mutation of the DVKD motif resulted in a 70% reduction in formation of the 47 285 kDa product, while mutation of the QEHD motif resulted in a 95% decrease in levels of the 40 286 kDa protein band (Fig. 2C) (Fig. 3A, lower panel) . The increased cleavage of NP, reflecting increased caspase 303 activity, varied from 40-80% for each of the individual cleavage products (Fig. 3B) . Similarly, 304 the inhibition of caspase activity using Z-VAD-FMK reduced the formation of NP cleavage 305 products (Fig. 3A, upper panel) . Quantification of the cleavage products in the presence of Z-306 VAD-FMK showed a reduction in the formation of each of the various cleavage products of 307 slightly more than 50% (Fig. 3B ). These observations were consistent with a direct role of 308 caspases in the formation of the observed NP cleavage products. (Fig. 4A) . 324
Comparison of the proportions of uncleaved and cleaved caspase 3 revealed that the expression 325 of JUNV NP shifted the ratio towards uncleaved caspase 3. However, unlike JUNV NP, 326 expression of TCRV NP had no significant influence on caspase 3 cleavage after the induction of 327 apoptosis with CPT. The quantification of the proportion of cleaved caspase 3 revealed a 328 reduction of about 55% when JUNV NP was expressed (Fig. 4A) , while the presence of TCRV 329 NP did not significantly inhibit caspase 3 cleavage. PARP cleavage, however, was not reduced in 330 presence of JUNV NP. This was similar to the results observed in the presence of the caspase 331 inhibitor Z-VAD-FMK added after stimulation of apoptosis with CPT. Also under treatment 332 conditions in which this known caspase inhibitor was used, the inhibition of PARP cleavage was 333 minimal with 10µM CPT, while inhibition of caspase 3 cleavage was clearly detectable (Fig.  334   4B ). Analysis of caspase 3 and PARP cleavage further revealed that transfection of the plasmids 335 or DMSO treatment alone did not induce apoptosis ( (Fig. 4C) . 342
343
JUNV infection of VeroE6 cells does not induce apoptosis 344
As we had observed an anti-apoptotic role of recombinant JUNV NP, we wanted to further 345 investigate the implications of this activity in the context of JUNV infection. VeroE6 cells, 346 which represent a highly permissive system for arenavirus infection, were inoculated with JUNV 347 at an MOI of 1 and 3. Infection with vesicular stomatitis virus (VSV) served as a positive control 348 (17). The formation of cytopathic effect (CPE) in infected cells was monitored daily (Fig. 5A,  349 upper panel, not all time points are shown), with samples harvested for analysis of caspase 3 and 350 PARP cleavage. Simultaneously, JUNV infected cells grown on coverslips were fixed and the 351 nuclei stained with 4',6-diamidino-2-phenylindole (DAPI) to visualize chromatin condensation, 352 which is considered an indicator for late-stage apoptosis (Fig. 5A, middle panel) . In parallel, the 353 cells were stained with a specific antibody for JUNV NP, to demonstrate viral infection. While 354 for VSV infection both strong CPE and chromatin condensation were already detectable on day 1 355 p.i., neither was observed for JUNV infected cells at any time point examined. Even on day 6 356 p.i., there was no evidence of CPE or apoptotic nuclei (Fig. 5A) . Western blot analysis for 357 cleavage of caspase 3 or PARP, as indicators of apoptosis induction, revealed that in the case of 358 VSV infection, caspase 3 and PARP cleavage were also already detectable at day 1 p.i. (Fig. 5B) . 21, 49), they were previously without known function. However, the fact that formation of these 397 products appears to be conserved among members of both the Old World and New World 398 arenaviruses prompted us to consider a potential biological significance of these products. We 399 could show that the smaller JUNV NP-specific fragments correspond to C-terminal cleavage 400 products of NP and that this cleavage pattern was observed in a number of different cell lines. 401
Further mutational analysis revealed NP to be a target of caspase cleavage. The amino acid 402 motifs DVKD and QEHD were identified as important caspase recognition sites responsible for 403 the production of the 47 kDa (DVKD↓) and 40 kDa (QEHD↓) cleavage products, respectively. 404
However, none of the putative caspase cleavage sites were directly linked to the formation of the 405 53 kDa cleavage product. Further, in this study we also found that the extent of intracellular 406 on October 20, 2017 by guest http://jvi.asm.org/ Downloaded from JUNV NP cleavage was directly dependent on the enzymatic activity of caspases. Thus, while 407 activation of caspases by CPT treatment enhanced the formation of cleavage products, caspase 408 inhibition using Z-VAD-FMK resulted in a reduction of NP cleavage. Since caspase activity not 409 only had an effect on the formation of the 47 kDa and 40 kDa products, but also the 53 kDa 410 band, we assume this product also results from a caspase cleavage event, although we could not 411 identify the specific sequence responsible for this cleavage. The sites examined in this study 412
were those with the strongest prediction values using the GraBCas prediction algorithm, and 413 additional potential caspase cleavage sites in NP certainly exist. However, it must be noted that 414
we cannot completely exclude that this 53 kDa cleavage product of NP is generated by another 415 non-caspase-related cleavage event that is enhanced by the induction of apoptosis. 416
In addition to showing JUNV NP to be a functional substrate for caspase cleavage, we could 417 further demonstrate that the presence of NP alone and its cleavage is sufficient to reduce caspase 418 3 cleavage in apoptotic cells, demonstrating its anti-apoptotic function. Based on these findings, 419
we conclude that cleavage of JUNV NP is likely serving a decoy function, through the presence 420 of these caspase cleavage motifs, in order to prevent apoptotic cell death during JUNV infection. 
